A substantial data base concerning the rate constants for the gas-phase reactions of the nitrate (N0 3 ) radical with organic compounds is now available, with rate constants having been determined using both absolute and relative rate methods. To date, the majority of these kinetic data have been obtained at room temperature using relative rate techniques utilizing both the reactions of the N0 3 radical with other organic compounds and the equilibrium constant for the N03 + NO z +z NzOs reactions as the reference reaction. In this article, the literature kinetic and mechanistic data for the gas-phase reactions of the N0 3 radical with organic compounds (through late 1990) have been tabulated, reviewed and evaluated. While this available data base exhibits generally good agreement and self-consistency, further absolute rate data are needed, preferably as a function of temperature. Most importantly, mechanistic and product data for the reactions of the N03 radical with organic compounds need to be obtained.
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Introduction
Measurements made during the 13 years have shown the nitrate (N03) radical to be present in the nighttime stratosphere 1-10 and troposphere.11-20 In the lower troposphere over continental areas the reported N03 radical mixing ratios range from < 2 parts-per-trillion (ppt) [~5 x 10 7 molecule cm-3 r 6 up to 430 ppt [-1 .0 x 10 10 molecule cm -3].18 The N0 3 radical mixing ratios in marine air masses in the troposphere are low, with upper limits of < 0.5 ppt being reported by Platt and Perner 1 at Loop Head. Ireland and a mixing ratio of 0.25 ± 0.1 ppt being measured by Noxon 15 at 3 km altitude in the free troposphere from Mauna Loa, Hawaii.
N0 3 radicals are formed in the troposphere and stratosphere from NO and N02 by the reaction sequence,
(1) (2) with rate constants kl and k2 of kl = 1.8 X 10-12 e-1370 / T cm 3 molecule-1s-1 and k2 = 1.2 X 10-13 e-24S0/T cm 3 molecule-l s-l o 22 The following reactions lead to the removal and/or temporary storage of N03 radicals,
(30) (4) (5,-5) with k4 = 1.6 X 10-11 e lSO / T em 3 molecu!e-1s-1 , ks = 2.0 X 10-12 (T/300)0.2 cm 3 moiecule-1 s-1 at the high pressure limit and h = 0.2 S -1 at the earth's surface for a zenith angle of 0° (J 3b /J 3 = 0.9).22 While, as discussed below, there are significant uncertainties concerning the equilibrium constant Ks (= ks/ks) for the N0 3 + N0 2 ~ N 2 0 S reactions,22-24 the thermal decomposituon Hfetime of N20 S is -20 s at 298 K and 760 Torr total pressure of air.22 Bec:luse of the rapid photolysis of the N0 3 radical and its rapid reactions with NO and 0 3 (and the rapid reaction of NO with 0 3 ),22,23 ambient atmospherRc N0 3 radical concentrations are low during daylight houi's. For example, under lower tropospheric conditions characteristic of "rural" areas, with NO, N02 and 03 concentrations (in molecule cm-3 units) of: NO~ ~1 x 10 10 ; N0 2 ? 2.4 x 10 10 ; and 0 3 , 7 x 1011, a daytime N0 3 radical concentration of -(1-2) x 10 6 molecule cm -3 is calculated from consideration of reactions (2) , (3), (4) and (5). N0 3 radical concentrations are expected to build up during the early evening and nighttime hours, due to the absence of photolysis [reaction (3)] and the jow nighttime concentrations of NO. In addition to the gas-phase inorganic reactions shown above, N0 3 radicals can also be removed and/or transformed in the lower troposphere by reactions with organic compounds and by dry and/or wet deposition of the N0 3 radical and/or N 2 0 S • 13 , 16, [25] [26] [27] [28] [29] [30] [31] [32] [33] While direct measurements have shown that the homogeneous gas-phase reaction of N 2 0 S with water vapor N20 S + H 20 ~ 2 HOND 2 (6) has an upper limit to the rate constant of k6 < 1,5 X 10-2 ! cm 3 molecule-1s-1 at room temperature,34-37 this upper limit to the rate constant is not sufficiently low to exclude this gas-phase reaction as a contributor to N0 3 radkal! N 2 0 S removal and add formation,25,30-32 However, TIt is expected that wet and dry depositiorn of N0 3 radicals and/or N 2 0 s dominates over reaction (6),32,33 Tlhe gas-phase reactions of the N03 radicai with organic compounds have been the subject of numerOlllS studies over the past 16 years, and the reactions of the N0 3 radkaH whh aHcenes (including the monoterpenes),28,3X,39 organosulfur COffipounds, 28 aldehydes 26 , 40, 41 and hydroxyaromatics 42 can be important in the removal of oxides of nlitrogen and/or the organic compounos 26 ,28,38-42 and ~he formation of adds 26 ,40 nn the lower troposphere.
Desphe numerous lldnetk a~d product studies of the gas-phase reactions of the N0 3 radicall with. organic compounds and the importance of ~he §e reactions in the chemistry of ~he Hower irroposphere, [0 date the avaHab!e N0 3 radlica~ F2Je constanl[ cla(m have not been crnticaHy evah.m~ecL Tb'nlis TIS c3drrf'sd OT!l~ nn tt~s :rev~e~l\i artnde 9 and the kinetic and mechanistic recommendations made will be of use to chemical modelers of the lower troposphere and of urban air pollution. Another review, dealing with the spectroscopy and photochemistry of the N0 3 radical, the kinetics and mechanisms of its gas-and aqueousphase reactions with inorganic and organic species, ambient atmospheric N03 radical concentrations, and the role of the N03 radical in the chemistry of the atmosphere, has recently been published 43 through the auspices of the Commission of the European Communities.
Experimental Techniques
Rate constants for the gas-phase reactions of the N0 3 radical with organic compounds have been obtained using two general methods, namely absolute and relative rate techniques. The salient features of the experimental methods used to date are briefly discussed below. .
1.1.a. Absolute Rate Measurements
In the majority of the absolute rate constant determinations carried out, the psuedo-first order decay rate of one of the reactants (the N0 3 radical or the organic compound) has been measured in the presence of a known excess concentration of the other reactant,
where k is the rate constant for the reaction of the N03 radical with the organic compound. For the more reactive alkenes and alkynes, Canosa-Mas et al. 44 have also conducted kinetic measurements under conditions where the full second-order kinetic data analysis was necessary. Absolute rate measurements have been carried out using both low pressure (~10 Torr total pressure) flow tech-niques44-48 and higher pressure (;:,20 Torr total pressure) pulsed or modulated photolysis systems under slow flow conditions. 4 9-'l In the low pressure flow method, N0 3 radicals have been generated by the reaction of F atoms (generated by the dissociation of F2 in a microwave dischargl;;) wiLh nitric acid44. 4s.47.48 and by the thermal dissociation of NzOs at 400-425 K 4S . 46 N03 radicals have been detected and/or quantified by optical absorption at 662 nm,44.4S laser induced fluorescence with excitation at 662 nm,4S.46 mass spectrometry,47.48,53 and chemical titration with NO or 2,3-dimethyl- 2butene'48,54 The detection limits for N0 3 radicals using these methods have been reported as being -1 x 10 8 molecule cm -3 using laser induced fluorescence 46 and -5 J. Phys. Chern. Ref. Data, Vol. 20, No.3, 1991 X 1011 molecule cm -3 using either optical absorption44~ or mass spectrometry.S3 In the experimental studies car ried out in which the psuedo-first order decays of thl N0 3 radical were monitored, the initial N03 radical con centrations employed (in molecule cm-3 units) have typi cally been (0.5 -40) x 10 tO using laser inducec fluorescence,4s.46 (0.7 -5) x 10 13 using optical absorp tion,44.4s and (1.5 -3) x 10 12 using mass spectrometry.S3
Using mass spectrometry, Rahman et al., 47 Benter anc Schindler 3 and Poulet and Le Bras48 have also deter mined rate constants by monitoring the decay of the or ganic reactant in the presence of excess concentrations 0 N0 3 radicals.
In the higher pressure pulsed or modulated photolysi systems, N0 3 radicals have been generated by the photol ysis of CIONOz at wavelengths > 180 nm,Sl In these pulsed or modulated photolysis studies, NO radicals were monitored by optical absorption at 62~ nm 49 ,50 or 662 nm. 5l ,5Z The initial N03 radical concentra tions in the flash and laser photolysis studies of Walling ton et al.~1,:56 and Daykin and Wine~z were - (2 -5) x 10 1 molecule cm-3 and (0. x 10 12 molecule cm-3 , re spectively, and the steady state N0 3 radical concentra liuns in thl;; mouulatl;;u phutulysis stuuy uf Tynuall et al/'
were x 10 10 molecule cm-3 . Total pressures us ing these flash, laser and modulated photolysis tech niques ranged from 19-500 Torr. 4 9-Sl,56,57
Two distinct relative rate methods have been used t( date. In both cases, N0 3 radicals are generated from ei ther the thermal decomposition of NzOs M
or the reaction of N02 with 03,
K~NET~CS OF NITRATE RADiCAL REACT~ONS I!I·_-\i is foUowed by the reaction of N0 3 radicals with , P: jo generate N 2 0 S and the subseqllleni: decomposition
n n the method first described and used by Morris and ~ d~isH and subsequently employed by Japar and Niki, 38 , i kinson et ai., 39 Cantrell et al.~40, 41, 59 where k is the rate constant for the reaction of N0 3 rad-" . . :a~s '""lith the organic Teactant. Under conditions wheFe i he initial N 2 0s concentration is of a similar magnitude to i he N0 2 concentration, then the NO z concentration may c'hange during the reaction and exponential decays of i'\}20S are no longer observed. 38 The individual references :.;hould be consulted for further details of the studies carried out.
This technique may be SUbject to the occurrence of secondary reactions removing N 2 0S,39,6Z,63 and this would be most likely to be the case for organic compounds which react with N03 radicals to form products which are more reactive towards N0 3 radicals than is the parent organic compound. The rate constants determined in this manner are relative to the equilibrium constant Ks for the N03 + N0 2 ~ N 2 0 S reactions, and this equilibrium constant is not accurately known (see below) and is also very temperature dependent (with Ks increasing by -10% for a 1 K temperature decrease at -298 K). [22] [23] [24] In the second, and most used method to date, the relative rates of consumption of t';;10 or more organic compounds, including one (the reference organic) for which the N0 3 radica! reaction rate constant is reliably known, are monitored in the presence of N0 3 radicais. 39 ,4Z,6Z-66 N03 radicals have been generated hy the therma1 decomposition of N20l~,6Z-66 or from the reaction of 0 3 with N02• 4Z In many studies, several additions of NzOs to the reaction mixtures have been necessary, and any dilution must then be allowed for. The relative rate experiments conducted to date have employed static reaction vessels of 50-6400 liters in vo~ ume, and experiments have been carried ou.t at loom temperature and 700-750 Torr total pressure, The organic reactants have been monitored during the reactions by Fourier transform infrared (FT-IR) absorption spec-troscopy38-41,S8,60,61 or gas chromatography,39,4Z,62-67 whHe NzO.:; has been monitored when necessary by FT-IR ab sorption spectroscopy. The individual references should again be consulted for further details of the studies carried out.
Product Studies
Product studies of the gas-phase reactions of the N0 3 radical with organic compounds have generally been carried out in much the same manner as the relative rate constant studies, using Ff-IR absorption spectroscopy and/or chromatographic techniques to identify and quantify the products formed in NzOs -N0 2 -organic -air or irradiated NO x -organic -air mixtures. 40 ,41,58,66,70-77 The individual references should be consulted for de~aik 20 Kinetic, Mechanistic, and Product Data Obtained
In the following sections, the reactions of the N 0 3 melical with the various classes of organic compounds (aH(3nes, haloalkanes, alkenes, haloalkenes, aYkynes, oxygcn-, sulfur-, nitrogen-, phosphorus-, selenium-and sllHcon-containing organics, aromatic compounds and organic radicals) are discussed separately. The avaHable rate constant data are tabulated, with those rate data obtained reiative to the rate constant for the reaction of the NO.1 radical with a reference organic being re-evaJu3.[cdl on the basis of the recommended rate constants for fhe reference reactions at the temperatures employed.
While many relative rate studies have obtained N0 3 radical reaction rate constants relative to the equilibrium constant Ks for the N03 + NO z :'(.::t NzOs reactions, the value of Ks is not weB known. i9.22-24,7H-H2 [n order to place these relative rate constant determinations on an absolute basis in this article, the equi!ibrium constant Ks has been evaluated by use of the recent direct experimental studies of Tilazon eet al., 80 Burrows et al. 8z and Cantrell et al. z4 [which is judged to supersede the earlier study of Pennel[ et a[.19 from ~hns research group] and the evaluatlion o1)f Kircher et C!l ,gl using li:he rate con.stants for reactions (5) and ( -5}.
A value of Ks = 3.41 X 10-11 cm 3 molecule-t at 298 K is obtained from a unit-weighted average of the reported [or interpolated from the cited temperature expression24] equilibrium constants (in units of 10-11 cm 3 molecule-I) of 3.44,80 3.26, 81 2.50 82 and 4.45.2 4 (An essentially identical value is obtained from a unit-weighted average of the experimentally measured equilibrium constants of Tuazon et al., 8O Burrows et al. 82 and Cantrell et al. 24 ) Similarly, a temperature dependence of B = 11275 K in the expression Ks = A e B1T is obtained from a unit-weighted average of the temperature dependencies (B) of 11050 K [for the temperature range 256-357 K (1000/T (K) = 2.8 -3.9)],81 11960 K 82 and 10815 K. 24 These literature data 24 ,80-S2 are plotted in Arrhenius form in Fig. 1 , together with the recommended expression of Ks = 1.26 X 10-27 e1127SlT cm 3 molecule-1 resulting from the above 298 K value and temperature dependence. It should be noted that this analysis neglects both the uncertainties in the visible absorption cross-section for the N0 3 radical 22 and the differences in the absorption cross-sections used in the three direct studies 24 ,so,82 considered. This evaluation of Ks is in good agreement with the recent IUPAC 22 and NASA 23 evaluations, which yield values of Ks at 298 K of 2.90 x 10-11 cm 3 molecule-1 [derived from the rate constants for reactions (5) and (-5)] and 3.4 x 10-11 cm 3 molecule-I, respectively.
The value of Ks at any given temperature over the restricted . range of -255-355 K has an estimated overall uncertainty of a factor of -1.5. Accordingly, rate constants for the reactions of the N03 radical with organic compounds determined relative to the equilibrium constant Ks are given less weight in the evaluations.
In the rate constant tabulations, the experimental techniques used are denoted by abbreviations such as DF-A, where the first letters denote the following: DF, discharge flow (N0 3 radicals formed by the reaction of F atoms, generated in a microwave discharge, with RON0 2 ); F, flow system (N0 3 radicals generated from the thermal decomposition ofN20s); FP, flash photolysis; LP, laser photolysis; MP, modulated photolysis; and S, static system; and the second set of letters denote the detection method: A, optical absorption; LIF, laser induced fluorescence; and MS, mass spectrometry. The relative rate studies are denoted by RR and the reference reactions and the reference compound rate constant or equilibrium constant (Ks) used is noted. For those reactions for which a temperature dependence can be recommended, the temperature dependence of the rate constant, k, is given by either the Arrhenius expression, k = A e- BlT , 
::x::: 1. All of the rate constants have been obtained at roOl temperature, mainly from relative rate measurement:
Only for methane, n -butane, 2,3-dimethylbutane and 11 heptane have more than a single study been carried ou and there are obvious discrepancies between the abse lute St and relative 62 rate determinations for n -butane.
(1) Methane
Only upper limits to the room temperature rate cor stant have been determined. 49 ,51,S9 Based on the dat from these studies 49 ,51,59 and the correlation of N03 rad cal abstraction rate constants with OR radical abstractio rate constants (see below), an upper limit to the rate cor stant of k(methane) < 1 x 10-18 cm 3 molecule-1s-1 at 298 K is recommended. ,II 296 K, with an estimated overall uncertainty of a factor ( ,1' 1.5. Assuming a preexponential factor in the Arrhenius t,\prcssion of 1 x 10-12 cm 3 molecule-Is-I, the rate constant for 2,3-dimethylbutane at 298 K is then 4.3 x 10-16 cm 3 molecule -IS -1.
(3) n -Heptane
Rate constants at room temperature have been determined relative to the equilibrium constant KSbl. and to the rate constant for the reaction of the N03 radical with Irans -2-butene. 67 The agreement is excellent, and the 1~l:UllllneudatiuH is based upon the most recent and precise study of Atkinson et al., 67 leading to k(n-heptane) = 1.37 x 10-16 cm 3 molecule-1 s-1 at 296 K, with an estimated overall uncertainty of a factor of 1.5. Assuming a preexponential factor of 1 x 10-12 cm 3 molecule -IS -1 in the Arrhenius expression leads to a rate constant at 298 K of 1.45 x 10-16 cm 3 molecule-Is-i. ( 
4) Other Alkanes
No explicit recommendations are made for the other alkanes for which rate constant data have been reported. However, an assessment of the general validity of the rate constants given in Table 1 and of the relative reactivities of the differing C-H bonds in the alkanes can be made. The N03 radical reactions with the alkanes proceed by H-atom abstraction from the various -CH3, -CH2and > CH-groups. N03 + RH ~ HON02 + R· .
As discussed previously for the reactions of the OH radical with alkanes,83.84 the rate constants for H-atom abstraction correlate with the C-H bond dissociation energy, increasing with decreasing bond dissociation energy. Hence the N03 radical reaction rate constants for H-atom abstraction (per equivaient C-H bond) should correlate with the corresponding OR rad.kall reaction rate constants. Since the bond dissociation energies are not known accurately for all of the C-H bonds in the alkanes, Atkinson 8S ,86 developed an estimation technique in which the OR radical reaction rate constants are calcu· lated from the -CH3, -CH:zand >CHgroup rate constants. These group rate constants depend on the identity of the substituents, with and k(CH3-X)
where k Plilll , k:>el; and k1o:;,u are the rate constants per -CH3l -CH:zand > CHgroup for a standard substituent, respectively, X, Y, and Z are the substituent groups, and F(X), F(Y) and F(Z) are the corresponding substituent factors. The standard substituent group was chosen to be X = Y = Z = -CH3, with F( -CH3) = 1.00 by definition. 85 The values of the group rate constants and substituent factors at 298 K for the OH radical abstraction reactions have been evaluated 86 with the temperature dependence of the substituent factors being given in the form F (X) e ExIT , A correlation of the H-atom abstraction rate constants per equivalent C-H bond for the room temperature reactions of N03 and OH radicals with a series ot alkanes and aldehydes is shown in Fig. 2 . (The OH radical rate constants for acetaldehyde, 2,3-dimethylbutane and 2methylpropane 87 were corrected 86 to take into account the minor amount of H-atom abstraction from the -CH 3 groups, and the rate constant for H-atom abstraction from n -heptane is that for a -CH 2 -group bonded to two other -CH2groups, k[CH2(CH2)2]. For the N03 radical reactions, H-atom abstraction from the -CH3 groups was neglected, and lower and upper limits for the rate constant for a secondary C-H bond in a -CH zgroup bonded to two other -CH2groups in n -heptane of 1.4 x 10-17 cm 3 mo]ecuJe-ls-1 and 2.3 x 10-17 cm 3 molecule-Is-I, respectively, were derived by assuming that (a) all the secondary C-H bonds were equivalent and (b) the two -CH2groups bonded to one -CH3 group and one -CHz-group contributed negligibly. A preferred H-atom abstraction rate constant of k[CH 2 (Cflh)2] 2.0 x lQ-i.7 cm 3 was used nn ~he correlation). 
( 
467
The correlation is excellent, and a least-squares anaIy-:;is leads to (in cm 3 molecule-1s-1 units)
In kN03 = 6.498 + 1.611 In kOH-Use of this equation and the OH radical group rate constants given above 86 leads to and an at 298 K. Since F N03 (X) [FOH(X)]1.611, F NO l-CH 2 -) = F N03 (>CH-) = 1.5 at 298 K. Using these parameters, the calculated 298 K rate constants for the reactions of the N0 3 radical with the alkanes studied to date (Table 1) are (in units of 10-16 cm 3 molecule-is-I): ethane. 0.014; propane. 0.17; n-butane. 0.47; 2-methylpropane, 0.85; n -pentane, 0.81; n -hexane, 1.15; cyclohexane, 2.0; 2,3-dimethylbutane, 2.5; n-heptane, 1.5; n -octane, 1.8; and n -nonane, 2.0. These calculated rate constants are in generally good agreement with the experimental data (Table 1) , with the possible exception of n -butane. The assumption that H-atom abstraction by the N03 radical from the -CH3 groups can be neglected is confirmed, and this assumption is also consistent with the correlations recently presented by Sabljic and Gusten. 88
These group rate constants and substituent factors can be used to calculate the overall rate constants for the reactions of the N0 3 radical with alkanes at room temperature and the distributions of the various alkyl radicals formed in these N03 radical reactions. The subsequent reactions of the alkyl (R') radicals formed under tropospheric conditions have been discussed in detail in the literature,22,89 and involve rapid initial reaction with O 2 to form the corresponding alkyl peroxy (ROi) radicals
These alkyl peroxy radicals then undergo reactions with NO, N02, H02 radicals, and/or other organic peroxy radicals. 22 ,89
These reactions have been reviewed and evaluated clscwhere,22,89 and these references should be con.sulted for details.
Haloalkanes

2.2.a. Kinetics and Mechanisms
The only rate constants available for the reactions of the N03 radical with haloalkanes are for trichloromethane, and these data are given in Table 2 .
Since this is the only study for this haloalkane, no recommendation is made. The reported rate expression,90 leads to an extrapolated rate constant of k(trichloromethane) = 6.7 x 10-17 cm 3 molecule-1s-1 at 298 K. This reaction is expected to occur by H-atom abstraction. However, based upon the correlation shown in Fig. 2 and the room temperature rate constant for the reaction of the OH radical with CHCh,87 the rate constant for the reaction of the N03 radical with CHCh at 298 K is estimated to be -8 x 10-19 cm 3 molecule-Is-i, An essentially identical rate constant is predicted from the value of k~tJ3 derived in Sec. 2.1 above and F N03 (CI) = [FOH (Cl)]1.611 (= 0.21).86
This apparent discrepancy of two orders of magnitude indicates that further studies are necessary.
Alkenes
2.3.a. Kinetics
The available rate constant data are given in Tab]es 3 (acyclic monoalkenes), 4 (acyclic di-and trienes) and 5 (cyclic alkenes). (1) Ethene
The available rate constant data of J apar and Niki,38 Atkinson et al., 39, 62, 44, 91 Andersson and Ljungstrom 61 and Barnes et al. 66 are given in Table 3 and are plotted in Arrhenius form in Fig. 3 . The sole temperature dependence arises from the absolute rate study of The room temperature rate constant of Japar and Niki 38 is an order of magnitude higher than the other room temperature rate constants,39,44,61,62,66,67 all of which are in reasonable agreement (covering a range of a factor of 1.8). The good agreement at room temperature between the low pressure (2-5 Torr total pressure) rate constant of Canosa-Mas et al. 44 and the atmospheric pressure rate constants of Atkinson et al., 39, 62, 67 Andersson and Ljungstrom 61 and Barnes et al. 66 indicates that the rate constant is independent of total pressure above -2 Torr at -298 K. where die error limits are again two least-squares stan dard deviations, and k(ethene) = 2.01 x 10-16 cm 3 molecule-1 s-1 at 298 K.
(2) Propene and Propene-d, Table 3 . Again, all of thes( were relative rate studies carried out at room tempera· ture. The agreement is excellent, and a unit-weighted avo erage of the rate constant data of Atkinson et al. 39 , 67 anc Bilfue:s et ul/.£' leads to the recommendatiun uf k(l-butene) = 1.25 x 10-14 cm 3 molecule-1s-1 at 298 K, with an estimated overall uncertainty of ± 40%
The available rate constant data of J apar and Niki,l Atkinson et aI.,39 Ravishankara Atkinson et al. 39 Atkinson et al. 67 Andersson and Ljungstrom 61 Barnes et al. 66 J apar and Niki 3s Atkinson et al. 39 Ravishankara and Mauldin 4s Rahman et al. 47 Canosa-Mas et al. 44 Barnes et al. 66 
RR [relative to
Ks(N03 + N02 S:; N20S) ~ 3.41 x 10-lI j DF-NF-LIF F-LIF Reference
Japar and Niki 3s
Atkinson et al. 39 Japar and Niki 38 Atkinson et al. 39 
Ravishankara and Mauldin 4s
Dlugokencky and Howard 92 I Iii I 3. Rate constants k and temperature-dependent parameters, k = A e-BtT , for the gas-phase reactions of the N03 radical with acyclic monoalkenes -Continued
a From present recommendations (see text). b From the rate constant given in Table 1 .
(1.12 ± 0.11) x 10-11 (9.52 ± 2.73) x 10-12
(1.04 ± 0.10) x 10-11 (9.37 ± 0.47) x 1O-IZ (7.54 ± 1.02) X 10-11 (5.72 ± 0.15) x 10-11 (5.74 ± 0.15) x [10] [11] (3.84 ± 0.38) x 10-11 (5.72 ± 0.32) X 10-11 (4.5 ± 0.4) x 10-11 agreement, with the rate constant obtained by Japar and Niki 38 relative to the equilibrium constant Ks being -35% lower. The room temperature rate constant appears to be independent of total pressure over the range - 3.32 x 10-13 cm 3 molecule-1s-1 at 298 K, with an estimated overall uncertainty of ± 30%.
(5) cIs -2-Butene
The rate constants of J apar and Niki 38 and Atkinson et al.,39 both obtained from relative rate studies carried out at room temperature. are given nn 
3.50 x 10-13 cm 3 molecule-is-1 at 298 K, with an estimated overall uncertainty of ± 35%.
(6) trans -2·Butene
The available rate constant data of Japar and Niki,38 Atkinson et 01., 39 Ravishankara and Mauldin 45 and Dlugokencky and Howard 92 are given in Table 3 and are plotted in Arrhenius form in Fig. 4 . The sole temperature dependence study is that of Dlugokencky and Howard.92 At room temperature the agreement between the relative rate constant of Atldnson et al. 39 and the absoh.l!.te data of with an estimated overall uncertainty at 298 K of ::!: 30~
The temperature dependence assumed, of k = CT 2 e -D/l appears to give a somewhat lesser degree of curvature iJ the Arrhenius plot than observed (Fig. 4) , and hence th above recommendation should not be used outside of th temperature range 200-380 K.
The available rate constants of J apar and NikPs aD! Atkinson et al., 39, 65, 67 all obtained from relative rate stud ies carried out at room temperature, are given in Table ~ The agreement is excellent, and the most recent study c Atkinson et al. 67 is used to recommend that k(2-methyl-2-butene) = 9.37 X 10-12 cm 3 molecule-1 s-1 at 298 K, with an estimated overall uncertainty of ± 35%. The available rate constant data of Japar and Niki,: Atkinson et al., 39, 65, 67 Rahman et al. 47 and Poulet and L Bras,48 all obtained at room temperature, are given i Table 3 . These room temperature rate cor stants 38 ,39,47,48,65,67 cover a range of a factor of 2. The mOl recent relative rate study of Atkinson et al. 67 is used t recommend that
.72 x 10-11 cm 3 molecule-1s-1 at 298 K, with an estimated overall uncertainty of a factor of 1.~ [This recommended rate constant is within 4% of th unit-weighted average of the entire rate constant dat set3S, 39, 47, 48, 65, 67] .
The available rate constant data of Atkinson et al., Rahman et al., 47 Benter and Schindler, 44 Andersson and Ljungstrom/ il Barnes et al. 66 an Poulet and Le Bras,4B all obtained at room temperature, are given in Table 4 . In this case, the measured rate constants range over a factor of 2.2, with no obvious pattern.
Thus, the relative rate constants of Atkinson et al. 65 and Andersson and Ljungstr6m 61 and the absolute rate constant of Poulet and Le Bras 48 are in agreement, with a rate constant of 1.0 x 10-13 cm 3 molecule-Is-I, while the absolute rate constants of Rahman et al., and the relative rate constant of Barnes et al. 66 are a factor of 2 higher at (1.7 -2.2) x 10-13 cm 3 molecule-Is-to While the reasons for these discrepancies are not presently understood, the relative rate constants of Atkinson et al. 65 and Andersson and Ljungstr6m 61 and the absolute rate constant of Poulet and Le Bras 48 are used to tentatively recommend that k(1,3-butadiene) = 1.0 x 10-u em J moleeuie-1s-1 at 298 K, with an estimated overaH uncertainty of a factor of 3.
The available rate constant data of Atkinson el at., 6S Benter and Schindler,53 Dlugokencky and Howard,92 Barnes et al. 66 and Poulet and Le Bras 48 are given in Table 4 and are plotted in Arrhenius form in Fig. 5 . As for 1,3-butadiene, there are significant discrepancies between the various studies. Thus, at room temperature the relative constant of Atkinson et Ol.65 and the absolute rate constants of Dlugokencky and Howard 92 and Poulet and Le Bras 48 are in reasonable agreement, with a rate constant of (5.9-8.3) x 10-13 cm 3 molecule-ls-I, while the absolute and relative rate studies of Benter and Schin-dler>3 and Barnes et ai.,66 respectively, are in agreement with a rate constant of (1.2 -1.3) x 10-12 cm 3 molecule -IS -1. While the reasons for these discrepancies are not presently understood, a unit-weighted leastsquares analysis of the absolute rate constants of Dlugokencky and Howaril,92 using the Arrhenius expression, has been carried out to yield the recommendation of k (2-methy!-1 ,3-butadiene) = (3.03~g:~) x 10-12 C-(446::t fIJ)/T cm 3 mokculc-1 s-1 over the temperature range 251-381 K, where the error limits are the two least-squares standard deviations, and k (2-methyl-l ,3-butadiene) = 6.78 X 10-13 cm 3 molecule-1s-1 at 298 K, with an estimated overall uncertainty at 298 K of a factor of 2. This recommended rate constant at 298 K is in good agreement with the lie]ative and absolute rate constants of Atkinson et at .65 and! Poulet and Le Bras,48 respectively.
It is of interest to note that the two alkenes for which significant discrepancies occur are both conjugated dienes of relative]y now reac~ivn~y towards the N0 3 radka~ [compare with the much more reactnve 1,3-cydohexadnene fOF 'Nhkh the reia~nve and absohllile F2r~e const?dn~s of Atkinson et al. 6 '5 and Benter and Schindjer,~3 respectively, are in agreement (Table 5) ].
The available absolute rate constants of Benter and Schindler 3 and Poulet and Le Bras 48 are given in Table 4 . The room temperature rate constants from these studies are in good agreement, and a unit-weighted average of these rate eonstants 48 ,53 yields the recommended rate constant at 298 K of k (2,3-dirnethyl-l ,3-butadiene) = 2.1 X 10-12 cm 3 molecule-Is-i , with an estimated overall uncertainty of a factor of 2.
The available relative and absolute rate constants of Atkinson et al. 65 and Benter and Schindier,53 respectively. are given in Table 5 . For each cydohexadiene the rate constants from these room temperature studies are in good (l,3-cyclohexadiene) or reasonably good (l,4-cyclohexadiene) agreement. Unit-weighted averages of these rate constants of Atkinson et al. 65 and Benter and Schin-dle~3 lead to the recommended rate constants at 298 K of k (1,3-cydohexadiene) = 1.16 X 10-11 cm 3 molecule-1s-1 and k(l,4-cydohexadiene) = 6.6 x 10-13 cm 3 molecule-1 s-I , each with estimated overall uncertainties of a factor of 1.5. iilith an estimated overall uncertainty at 298 K of :t 30%. tive rate studies carried out at room temperature, are given in Table 5 . These rate constants 6 S-67,95 are in reasonable agreement. However, there are uncertainties in reevaluating the rate constant of Kotzias et al. 95 since the temperature was not specified; the equilibrium constant K5 used was from Graham and Johnston 78 with the cited value of 1.9 x 10-11 cm 3 molecule-1 corresponding to a temperature of 299.6 K, -4-5 K higher than previous studies from this group.36,60 Accordingly, a unit-weighted average of the rate constants of Atkinson et al. 65 , 67 and Barnes et al. 66 leads to the recommendation of k (~-pinene) = 2.51 X 10-12 cm 3 molecule-Is-I at 298 K, with an estimated overall uncertainty of ± 40%. The available rate constants of Atkinson et al. 65 and Barnes et al., 66 obtained from relative rate studies carried out at room temperature, are given in Table 5 . The agreement is good, and unit-weighted averages of these rate constants of Atkinson et al. 6s and Barnes et al. 66 lead to the recommendations of k(a 3 -carene) = 9.1 x 10-12 cm 3 molecule-Is-I and k(d-limonene) = 1.22 x 10-11 cm 3 molecule-Is-I, both at 298 K and with estimated overall uncertainties of ±35%. Only single experimental studies are available, and hence no recommendations are made.
KINETICS OF NITRATE RADICAL REACTIONS
2.3.b. Mechanism
The rate constants at room temperature for the reactions of the N03 radical with the alkenes and cycloalkenes span 6 orders of magnitude, from 2 x 10-16 cm 3 molecule-l s-1 for ethene to 1.8 x 10-10 cm 3 molecule -IS -I for a-terpinene. Apart from ethene and the 1-alkenes, the room temperature rate constants are ~ 10 -13 cm 3 molecule . . . . 1 S . . . . 1 and rate constants of this magnitude are too high to explain by an H -atom abstraction reaction pathway. For the acyclic alkenes, the room temperature rate constants increase with the degree of alkyl substitution around the > C = C < bond, analogous to the case for the corresponding OH radical reactions,85-87 which proceed essentially totally by OH radical addition to the >C=C< bond(s).87 Furthermore, Japar and Niki 38 showed that for propene there is no significant deuterium isotope effect, again indicating that the N0 3 radical reaction proceeds by addition. A correlation of the room temperature N0 3 and OH radical rate constants for reaction with alkenes and cycloalkenes contain-ing only a single ;> C = C < bond is shown in Fig. 7 . A reasonable correlation is evident, with that for the acyclic alkenes (filled circles) being good. As discussed above for the individual alkenes, in all cases for which data are available the measured room temperature rate constants are independent of the total pressure over the range -1-750 Torr, and show no evidence for fall-off behavior, in contrast to the corresponding reactions of the OH radical. 87 Thus, the rate constan1 for the reaction of the OH radical with ethene is in the fall-off regime at and below -750 Torr total pressure oj air at room temperature 87 and that for propene is in the fall-off regime below -30 Torr total pressure. 87 Addition of the N03 radical to the alkenes to form the ~-nitra to alkyl radical is exothermic by -22 kcal mol-1 98 ( -11 kcal mol-1 less exothermic than the corresponding Of] radical addition reaction 98 ). The observed lack of a pressure dependence on the measured rate constants can be due to decomposition and/or isomerization of the initiall) energy-rich f3-nitratoalkyl radical to products other thaI1 the reactants. That this process occurs is shuwn by tht NO z formation yield data obtained by Dlugokencky ant Howard 9z for the reactions of the N03 radical with trans· 2-butene, 2-methyl-l,3-butadiene and a-pinene at total pressures of 0.5-4.1 Torr of He, O 2 or N2 diluent. The N02 formation yields were observed to decrease with in· creasing total pressure, decreasing temperature, the com· plexity of the alkene and the third body efficiency of the diluent gas,92 with the NO z formation yields at 298 K frorr the reaction of the N0 3 radical with trans -2-butene bein! > 0.9 at total pressures of helium diluent of ~ 4 Torr,9: decreasing to 0.84 and 0.70 at 1.0 and 2.0 Torr total pres· sures, respectively, of 02 diluent. 92
Poulet and Le Bras.w have obsetved the formation of epoxides and/or aldehydes from the reactions of the N03 radical with 2,3-dimethyl-2-butene, 1,3-butadiene, 2methyl-l,3-butadiene and 2,3-dimethyl-l,3-butadiene at O.S-2.5 Torr total pressure and 298 K, using mass spec-I rome try. The epoxide was identified from the reaction of the N0 3 radical with 2,3-dimethyl-2-butene,48 while aldehydes were identified from the 2-methyl-l,3-butadiene and 2,3-dimethyl-l,3-butadiene reactions (epoxides could also have been formed 48 ). At room temperature and total pressures of -1 Torr, the N0 3 radical reactions with the simple alkenes and dienes then proceed by (taking 2methyl-l,3-butadiene as an example) For the (CH3)i~C(CH3)20N02 radical initially formed from N03 radical addition to 2,3-dimethyl-2-butene, the H atom migration and decomposition pathway cannot occur, and epoxide formation occurs (in competition with stabilization), as observed.48 Thus, the N03 radical reactions with the alkenes proceed by initial addition. For example, for propene N03 + CH3CH = CH2 ~ CH 3 CH(ON0 2 )CH 2 and CHi:HCH 2 0N0 2 with these ~-nitratoalkyl radicals being initially energyrich. As discussed above, at low total pressures these 13nitratoalkyl radicals can decompose to form N0 2 and other products. with the importance of this decomposition route decreasing with increasing pressure, decreasing temperature and increasing complexity of the alkene.92 Under tropospheric conditions, these initially energy-rich ~-nitratoalkyl radicals will be rapidly therrnalized. However, it should be noted that, analogous to the situation for the OR radical reactions with the alkenes and aromatic hydrocarbons,87 thermal decomposition of the thermalized radicals back to the reactants will become important at temperatures > 400 K unless other reaction pathways dominate. Since the decomposition reaction(s) of the ~-nitratoalky~ radicals to form N02 dominates over thermal decomposition back to the reactants at low totai pressures,92 it is expected that at elevated temperatures this wm be the preferred decompositnoD path of ~he inhiaHy formed f1-n]tlfatoa]ky~ radkals 9 even at atmospheric pressureo Hence 21 rapnd dle-crease in the measured high pressure reaction rate COil stants above -400 K, as observed for the OH radical reactions with the simple alkenes above -500-700 K,H7 is not expected for the N0 3 radical reactions with the alkenes.
Under tropospheric conditions, the l3-nitratoalkyl radicals will rapidly add O2 to form a peroxy (ROi) radical, for example and this peroxy radical can then react with NO and N0 2 and H0 2 , organic peroxy (R10i) and acylperoxy (R1C(O)OOo) radicals,89 with the NO, N0 2 and HO z radical reactions being expected to be the most important in the lower troposphere. The peroxynitrates formed in reaction ( c) are expected to undergo rapid thermal decomposition (with a lifetime of -1 s at room temperature 89 ), and hence the peroxynitrate acts as a temporary reservoir for the peroxy radicals, with the peroxy radicals ultimately reacting to form, at least in part, the corresponding alkoxy radicals.
The l3-nitratoalkoxy radicals are expected to react with O2, undergo thermal decomposition or react with N0 2 [reactions (t)_(h)].89
Under conditions typical of the product studies of Bandow et alo,72 Shepson et al. 74 and Barnes et ai., 66 utilizhag the dark reactions of N0 3 radicals with alkenes~ with the N03 radicals being generated from the thermal de-composition of N10t;66,72 or from the reaction of N02 with 03,74 NO is absent and the relevant reactions are then expected to be reactions (c), (d) and (e), followed by reactions (f), (g) and (h) of the ~-nitratoalkoxy radicals. Since the dinitrate is formed from reaction (h), its yield is expected to increase with increasing N0 2 concentration, consistent with the data of Bandow et al. 72 and Shepson et al. 74 This sequence of reactions is in accord with the product data of Hoshino et al., 70 Akimoto et al., 7l Bandow et al., 72 Shepson et al. 74 and Barnes et al., 66 with the most definitive data arising from the studies of Shepson et al. 74 and Barnes et al. 66 The expected products are then, in addition to the initial formation of the thermally labile intermediate peroxynitrate(s),66,72 the carbonyls arising from the ~-nitratoalkoxy radical decomposition reactions [reaction (g)] and the ~-nitratocarbonyls formed from the reactions of the l3-nitratoalkoxy radicals with 02 [reaction (t)] and, possibly, from the reactions of the ~-nitratoalkyl peroxy radicals with organic peroxy radicals [reaction (e2) ]. These are the major products observed,66,74 together with small amounts of dinitrates formed from reaction (h). The molar product yields obsetved at room temperature and atmospheric pressure from the reactions of the N03 radical with propene, I-butene, 2methylpropene and trans -2-butene are: from propene: HCHO, 0.08-0.14;66,74 CH 3 CHO, 0.11-0.12;66,74 CH 3 COCH 2 0N0 2 , 0.22;74 total nitratocarbonyls, -0.58;66 from I-butene: HCHO, 0.11;66 CH 3 CH 2 CHO, 0.12;66 total nitratocarbonyls, -0.60;66 from 2-methylpropene: HCHO, 0.80;66 CH 3 COCH 3 , 0.85;66 total nitratocarbonyls, -0.25;66 from trans -2-butene: CH 3 CHO, 0.70;66 CH3COCH(ON0 2 )CH 3 , 0.55. 66 These product yields indicate that at room temperature and atmospheric pressure reactions (t) and (g) are of comparable importance, with the relative importance of these reactions depending on the particular alkene.
The available, and limited, product data for the conjugated dienes 66 and the monoterpenes 66 ,95 suggest that the formation of nitratocarbonyl and/or nitrate-containing products dominates.
Haloalkcncs
2.4.a. Kinetics and Mechanisms
The available kinetic data are given in Table 6 . Only for vinyl chloride has more than a single study been carried out.
(1) Vinyl chloride
The rate constants of Atkinson et al. 99 and Andersson and Ljungstrom,61 both obtained from relative rate studies carried out at room temperature, are given in Table 6 . The agreement is reasonable. The rate constant of Andersson and Ljungstrom 61 was determined relative to the equilibrium constant Ks, and hence is subject to significant uncertainties (in addition to those in the experimen-J. Phys. Chem. Ref. Data, Vol. 20, No.3, 1991 tal measurement of k/K-;). AccordinglY9 the rate const~ of Atkinson et al. 99 is used to recommend that k (vinyl chloride) = 4.3 X 10-16 cm 3 molecule-1 s-1 at 298 K, with an estimated overall uncertainty of a factor of 2 No recommendations are made for the other haloall nes studied and, because of the low reactivity of the compounds towards the N03 radical and the potential: the production of CI atoms from the more chlorina1 haloalkenes (analogous to the situation for the analog< OH radical reactions 100 ,lOl), the rate constants given Table 6 may be subject to significant uncertainties.
Analogous to the reactions of the OH radical with 1 haloalkenes, the N0 3 radical reactions are anticipated proceed by addition. For example, for vinyl chloride, M .
N0 3 + CH2 = CHCI -+ 02NOCH 2 CHCI and CHzCHCI(ONO z ) 2.5. Alkynes
2.5.a. Kinetics and Mechanisms
The available kinetic data are given in Table 7 . 0] for acetylene and propyne have more than a single stu been carried out.
(1) Acetylene
The rate constants, or upper limits thereof, of Atkins et al. 99 and Canosa-Mas et al. 44 ,91 are given in Table 7 . T upper limit to the rate constant obtained by Atkins et al. 99 at 298 K is lower than the rate constant detl mined by Canosa-Mas et al. 44 at 295 K (although it OVI laps within the large uncertainties of the data Canosa-Mas et al. 44 ). An upper limit to the rate const~ of k(acetylene) <5 x 10-17 cm 3 molecule-1s-1 at 298 K is recommended. This recommendation is c( sistent with the value of k(acetylene) = 4 x 10-18 C molecule -IS -1 at room temperature estimated by Sabl and Giisten 88 from the obseIVed correlation of the ri constants with the vertical ionization energies. 44 ,91 are given in Table 7 and are plott in Arrhenius form in Fig. 8 . The relative 99 and absolut room temperature rate constants are in reasonable agrc ment, and a unit-weighted least-squares analysis of the data of Atkinson et al. 99 over the temperature range 295-473 K, where the indicated error limits are two least-squares standard deviations, and k(propyne) = 2.30 x 10-16 cm 3 molecule-1s-1 at 298 K, with an estimated overall uncertainty at 298 K of a factor of 2.
For the other alkynes, no recommendations are made. Analogous to the OR radical reactions with the alkyncs,87 the room temperature rate constants increase with the degree of alkyl substitution around the carbon-carbon triple bond. These N0 3 radical reactions are expected to proceed by initial N03 radical addition M. N0 3 + C Z H2 ~ CH=CHON0 2 • 2.6. Oxygen-Containing Organic Compounds 2.6.8. Kinetics and Mechanisms The available rate constant data are given in Table 8 .
Only for formaldehyde, acetaldehyde and methanol have more than a single kinetic study been carried out. In addition to determining a rate constant relative to the equilibrium constant K s , CantreH et al.4() monitored directly the N03 radical concentration in several experiments, and hence an absolute rate constant can also be obtained from this study of Cantrell et al. 40 (Table 8 ). The rate constants of Atkinson et al. 39 and Cantrell et al. 40 are in reasonable agreement, espedaHy the relative rate constant of Atkinson et al. 39 The available rate constant data of Morris and Niki Atkinson et al., 39 Cantrell et al. 41 and Dlugokencky a1 Howard 92 are given in Table 8 and are plotted in Arrh nius form in Fig. 9 . The agreement between the roo temperature relative rate data of Morris and Niki Atkinson et al. 39 and Cantrell et al. 41 room temperature rate constant of Dlugokencky and Howard 92 is good. Since the relative rate data 39 ,41,S8 are subject to significant uncertainties due to uncertainties in the equilibrium constant K s , a unit-weighted leastsquares analysis of the absolute rate constants of Dlugokencky and Howard,92 using the Arrhenius expression, has been carried out to yield the recommendation of 
Use of the > CHgroup rate constant derived in Sec.
2.1. above and the substituent factor F N03 ( = 0) 33 (see Sec. 2.6.a.(1) above) leads to a calculated rate constant for this reaction at 298 K of 2.7 x 10-15 cm 3 molecule-Is-I, in excellent agreement with the recommendation. ( 90 The reaction of the NO., radical with methanol will proceed by H~atom abstraction, with this H-atom abstraction being expected to occur essentialJy totaHy from the -CH3 group. + -> HON02 + CH20H. Based on the correlation shown in Fig. 2 and also on the -CH 3 group rate constant and the substituent factor molecule -IS -1 estimated by Sabljic and Gusten 88 from the obsetved correlation of the N03 radical reaction rate constants with the vertical ionization energies. These estimated room temperature rate constants are an order of magnitude lower than that measured by Canosa-Mas et al. 90
(4) Other Oxygen Containing Organic Compounds
For the other oxygen-containing organic compounds for which rate data are available (Table 8) , only single studies have been carried out and hence no recommendations are made. The N03 radical reactions with ethanol, 2-propanol, dimethyl ether, tetrahydrofuran and 1,8-cineole will proceed by H-atom abstraction. The observed room temperature rate constants (or upper limits to the rate constants) for these reactions 56 ,57,67,97 are reasonably consistent with those calculated from the group rate constants and substituent factors (calculated from the corresponding OH radical substituent factors 86 ), of (in units of 10-16 cm 3 molecule-Is-I): ethanol, 1.1; 2-propanol, 5.9; dimethyl ether, 0.05 (0.14 from the correlation shown in Fig. 2) ; tetrahydrofuran, 8.8; and 1,8-cineole, 4.1. Interestingly, while the room temperature rate constants estimated by Sabljic and Gusten 88 from the observed correlation of the N03 radical reaction rate constants with the vertical ionization energies for ethanol and 2propanol are in good agreement with the present estimates, that for dimethyl ether 88 of 2.9 x 10-15 cm 3 molecule -IS -1 is two orders of magnitude higher than the above estimate, and is just consistent with the c:pper limit to the rate constant determined by Wallington et al. 56 The N03 radical reaction with furan is expected to proceed by initial N03 radical addition to the > C = C < bonds,102 and those with acrolein and crotorllaMehyde can Assuming that the rate constant for H-atom abstraction for the -eHO group in the a,l3-unsaturated aldehydes at room temperature is similar to that for acetaldehyde, then it appears that the H-atom abstraction pathway The available rate constant data are given in Table Y , and multiple studies have been carried out for four of the seven organosulfur compounds for which rate data are available.
(1) Methanethiol
The available rate constant data of Mac Lead et aJ., 103 Wallington et al., 56 Rahman et al. 47 and Olugokencky and Howard 46 are given in Table 9 and are plotted in Arrhenius form in Fig. 10 . At room temperature and below, these relative 103 and absolute 46 ,47.56 rate constants are in reasonable agreement, being in the range (0.77-1.12) x 10 12 cm 3 molecule--1 s 1 at room temperature. No effect of total pressure over the range 0.45-740 Torr on the room temperature rate constant is evident. 46 ,47,56,103 The rate constant of Wallington et al. 56 at 350 K is a factor of 2 lower than that of Dlugokencky and Howard,46 and the rate constants of Wallington et al. 56 are consistently lower than those of Dlugokencky and Howard 46 over the temperature range 280-350 K.
A ulillit-weighted average of the room temperature rate constan~s of Mac Leod et ai., 103 Wallington et al., 56 Rahman et al. 47 and Dlugokencky and Howard. 46 combined with the zero temperature dependence determined by Dlugokencky and Howard, 46 yields the recommendation of k(methanethiol) = 9.3 x 10-l3 cm 3 molecule-Is-I, independent of temperature over the range 254-367 K, with an estimated overall uncertainty of a factor of 1.5 over this temperature range. This recommendation is essentially identical to the recent IUP AC evaluation 22 of k(methanethiol) = 9.2 x 10-13 cm 3 molecule-Is-I, independent of temperature over the range 250-370 K, and is similar to the NASA evaluation 23 of k (methanethiol) = 4.4 x 10-13 e210lT cm 3 molecule-1 s--1 .
(2) Dimethyl sulfide
The available rate constant data of Atkinson et al., 64 Tyndall et al., 50 Wallington et al., 51, 56 Dlugokencky and Howard 46 and Daykin and Wine 52 are given in Table 9 and are plotted in Arrhenius form in Fig. 11 and Dlugokencky and Howard 46 are in excellent agreement, but are -25% higher than the absolute rate constants of Wallington et al. 51 ,56 and 20-25% lower than the absolute rate constant of Daykin and Wine. 52 As for CH3SH, at -298 K the rate constant is independent of total pressure over the range 0.5-740 Torr.
The rate constants of Wallington et al. 51 ,56 for CH3SH, CH3SCH3 and CH 3 SSCH 3 are consistently lower than the absolute rate constants of Dlugokencky and Howard 46 and are lower than the relative rate constants of Mac Leod et al. l03 for CH 3 SH and Atkinson et al. 64 for CH3SCH3, and it is possible that the rate data of Wallington et al. 51 ,56 are systematically low by -25%. The available absolute rate constant data of Walling· ton et al. 56 and D lugokencky and Howard 46 are given in Table 9 and are plotted in Arrhenius form in Fig. 12 296 K is used to recommend that k(thiophene) = 3.93 x 10-14 cm 3 molecule-Is-I, independent of temperature uver the range 272-296 K with an estimated overall uncertainty of ± 35% over thi: temperature range.
(5) Ethanethlol
The sole rate constant of Mac Leod et al. 103 at 297 I< (Table 9 ) is essentially identical to that for methanethiol indicating no effect of the alkyl group on the rate con stant. Since only a single study has been carried out, fl( recommendation is made.
2.7.b. Mechanism
The magnitude of the rate constants and the zero 0 negative temperature dependencies of the rate constant for the reactions of the N03 radical with the thiol (RSH), sulfides (RSR) and disulfides (RSSR) indicatl that these reactions proceed by initial addition of thl aProm present recommendations (see text). 2)(10-12 IV} CH 3 SCH 3 
and possibly also with 03. 111 Reactions of the CH 3 SO Z radical must then lead to the formation of SOz, HCHO (through the ·CR 3 radical), and CH 3 S03H.I06
The reaction of the N0 3 radical with thiophene may occur by N0 3 radical addition to the >C=C< bonds as well as by N03 radical addition to the S atom. The avaHab]e rate constant data are ghren nn Table ] O. Rate constants, or upper Rimits thereof, are avaHable onHy for acetonitrile 59 and pyrro!e. 102 No recommendations an~ made. The reaction of the N03 radical with pynro~e is expected to proceed by N0 3 radical addition. to the > C = C < bonds and/or to the N atom, 2.9.8. Kanetics and Mec~arelsm$ The available rate constant data are given in Table 11 . Only single rate constant studies have been carried out for each organophosphorus compound, and only the dimethyl phosphorothioamidates were observed to react with the N0 3 radical,113 presumably by interaction of the N03 radical with the -N(CH3)2' -NHCH3 and -NHz groups, possibly by overall H-atom abstraction from these substituent groups.113 For example, N03 + (CH30)2P(S)NH2 -3> HONO z + (CH 3 0)zP(S)NH.
Selenium-Containing Organic Compounds
2.10.a. iKinetics and Mechanisms
The only organoselenium compound studied to date 1I5 has been dimethyl selenide, (CH 3 )zSe, and the room temperature rate constant extrapolated to zero NO z concentration is given in Tab]e 11. The rate constant was determined relative to the rate constants for the reactions of the N03 radical with 2-methyl-2-butene and 2,3dimethyl-2-butene llS and the measured rate constant increased linearly with increasing NOz concentration. lI5 The measured rate constant for the gas-phase reaction of the N03 radical with dimethyl selenide at 296 ± 2 K increased from 1.6 X 10-II cm 3 molecule-1s-1 at an N0 2 concentration of 1.2 x 10 14 molecule cm -3 to 3.5 x 10-11 crn 3 mo]ecule-1s-1 at an NO z concentration of 1.2 x 10 15 molecule cm-3 , with the rate constants at a given NO z concentration relative to 2-methy!-2-butene and 2,3dimethyl-2-butene being in exceUcnt agreement-liS The magnitude of this rate constant indicates that the reaction proceeds by addition of the N0 3 radica) to the selenium atom. 11S The reason for the observed increase in the measured rate constant with increasing NO.! concentration and the detailed reacHolI1l mechanism is not understood at present, although the reaction sequence N03 + ( where the H-atom abstraction process may take piace via the llIi1ltermediafle li"o!llIlJla~ilon of at nlltratocydonexadieny! add~anon radncati 'wWh 2 snx-membered transition state 42 ,119 The N0 3 addition reaction pathway which involves initial addit!on of the N03 radical to the aromatic ring to form a mtratocyclohexadienyl-type radical, which either thermally decomposes back to reactants or reacts with N0 2 , has a reaction rate which is first order in both the N0 3 radical and N0 The available rate constant data for the reactions oj the N0 3 radical with aromatic compounds which proceed by N0 3 radical reaction with the substituent groups and for which the reaction rates are independent of the N02 concentration are given in Table 12 , while the rate coefficients kobs for interaction of the N03 radical with the aromatic rings are given in Table 13 . t 1 3963 I" h ea.,' an upper Imlt to t e rate constant of k(bcnzcnc) <3 x 10-17 em 3 moleeule-1s-1 at 298 K is recommended. This recommendation is consistent with the room temperature rate constant of 2 x 10-18 cm 3 molecule -IS -1 estimated by Sabljic and Giisten 88 from the observed correlation of the N03 radical reaction rate constants with the vertical ionization energies.
(2) Toluene, Toluene-d 3 (C6HsCD3) and Toluene-ci.
The available rate constant data for toluene of J apar and Niki,38 Carter et al.,42 Atkinson et al. 39 , 63 and Atkinson and Aschmann,69 all obtained from relative rate studies carried out at room temperature, are given in et al. 39 ,63 and Atkinson and Aschmann 69 yields the recommendation of k(toluene) --6.8 x 10-17 em 3 molcculc-1 s-1 at 298 K, with an estimated overall uncertainty of a factor of 2.
T~e room temperature rate constants determined by Atkmson and Aschmann 69 for the reactions of the N03 ~adic~1 wit~ ~oluene-ds and toluene-d3 (~H5CD3) are IdentIcal wIthm the experimental errors and are a factor of -2 lower than the room temperature rate constant for toluene-h s . These kinetic data show that the reactions oj the N0 3 radical with toluene and the fully and partiall) ~euterated toluenes proceed by H (or D) atom abstrac-tIon from the -CH 3 (or -CD 3 ) substituent group, with the rate-determining step being H (or D) atom abstraction. For example,
The available rate constants of Atkinson et al. 39 , 63 are given in Table 12 . These room temperature rate constants, determined relative to the equilibrium constant K S 39 and to the reactions of the N0 3 radical with ethene 39 ~md n-heptane,63 are in good agreement. A unit-weighted average of these rate constants 39 ,63 yields the recommendation of kern-xylene) = 2.33 X 10-16 cm 3 molecule-1 s-1 at 298 K, with an estimated overall uncertainty of a factor of 2.
(4) Phenol
The .available rate constants of Carter et al. 42 and Atkinson ct al. 63 are given in Table 12 . These room temperature rate constants, all obtained from relative rate studies, vary over a range of a factor of 2.3, with the rate constant of Atkinson et al. 63 determined relative to the equilibrium constant Ks being significantly higher than the rate constants determined relative to the rate constants for the reactions of the N0 3 radical with cis-2butene 42 or 2-methyl-2-butene. 63 This may indicate the occurrence of secondary reactions in the relative rate method which involved monitoring the enhanced decay rate of NZ0 5 in the presence of excess known concentrations of pheno1. 63 The rate constant determined by Atkinson et al. 63 relative to the rate constant for the reaction of the NO) radical with 2-methyl-2-butene is used to recommend that k(phenol) = 3.64 x 10-12 cm 3 molecule-1s-1 at 298 K, with an estimated overall uncertainty of a factor of 1.5.
Arey et al. 127 have identified 2-nitrophenol and 4-nitrophenol as products of this reaction, with a 2-nitrophenol funnation yidd uf -16%. The;; fuullatiuu uf the;;:sc: pruducts suggests that the reaction mechanism is The available rate constants of Carter et aZ. 42 and Atkinson et aZ., 63 obtained from relative rate studies carried out at room temperature, are given in Table 12 . The rate constants from these two studies disagree by up to a factor of 2. A unit-weighted average of the rate constants of Carter et al. 42 methyl-4-nitrophenol)117 and -5% (2-methyl-6-nitrophenol only).127 The reaction mechanism then appears to be analogous to that shown above for phenol. Atkinson et al. 63 k(n-heptane) = 1.37 x 10-!6r Atkinson et al, u9 (1, 2, 3, and similarly for the C"HsCHCHzONOz radical. From a product study of this reaction utilizing Ff-IR absorption spectroscopy, Atkinson et al. l25 observed that formaldehyde and benzaldehyde were formed in small yield (-10-12% each). Three major products were ob-· served,t25 one being a thermally 1abi1e species with -0N02 and -oON02 groups [product (A) or its isomer] and two more stable products having -ONO;! and >C=O groups [product (B) and its isomer]. SimiJarly~ the reaction of the N03 radical with azulene, which has a room temperature rate constant approaching the gaskinetic collision frequency,l26 must proceed by addition.
For the monocyciic aromatic compounds with substituen.t groups lilot cOni2En!l!1lg 21 o toluene, the xylenes, the trimethylbenzenes, p -cymene, benzaldehyde, methoxybenzene, phenol, the cresols, te· tralin, 1,4-benzodioxan and 2,3-dihydrobenzofuran (and acenaphthene), the kinetic data indicate that the N03 radical reactions proceed by H-atom abstraction. Thus, the kinetic data of Atkinson and Aschmann 69 for the reactions of the NO,; radical with toluene-h8~ toluene..d3 (Q;HsCD3) and toluene-dg show that the rate-determining step involves H (or D) atom abstraction from the -CH3 (or -CD3) substituent group. Also, analogous to the reactions of the OH radical with acetaldehyde and benzaldehyde (which proceed by H-atom abstraction from the -CHO group),87 the N03 radical reaction rate constant for benzaldehyde is essentiany identical to that for acetaldehyde, strongly suggesting that the reaction of the N03 radical with benzai.dchyde proceeds by H-atom abstraction from the -ClHIO group N03 + C6H5C!r~HO -:I' ~ ION02 + CHsCO.
Furthermore, the fni.c constants for the reactions of the NO.1 mdica1 wilh lh(~ xylene, trimethylbenzene and cfesol isomers do not exhibit the substituent pattern expected for elcctrophilic addition to the aromatic ring and observed f.or the ,;orrcsponding OH radical reactions,87 in which the i,3and 1,3,5-substituent distributions have significanHy higher rate constants than do the 1,2-, 1,4·,
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The conclusion that these N0 3 radical reactions proceed by overall H-atom abstraction from the substituent group( s) is supported by the observations of Sab1jic and Gusten 88 that benzaldehyde, phenol and the cresols do not obey the same correlation between the room temperature N03 radical reaction rate constants and the vertical ioni7:ation energies as do the other aromatic compounds. but rather fall on a separate correlation together with alkanes, alkenes, haloalkenes, aldehydes, ethers, thiols and thioethers. 88 However, comparison of the room temperature rate constants for H-atom abstraction from the methyl-substituted benzenes, phenol, the cresols and methoxybenzene by the OH radical s7 with the corresponding N03 radical reaction rate constants (Table 12) shows that the N03 radical reaction rate constants are significantly higher than expected from the correlation shown in Fig. 2 . Thus, for example, based on the H-atom abstraction rate constants for the OH radical reactions with the methyl-substituted benzenes and phenol,87 the H-atom abstraction rate constants for the reactions of the N0 3 radical with toluene, the xylenes and the trimethylbenzenes are predicted to be -7 x 10-18 cm 3 molecule-Is-I per -CH 3 group at 298 K, and that for phenol -1.3 x 10-16 cm 3 molecule -IS -1 at 298 K, much lower than observed. In particular, the room temperature rate constants for the N03 radical reactions with phenol and the cresols are 4-5 orders of magnitude higher than expected on the basis of a direct H-atom abstraction reaction,42,119 suggesting that these reactions proceed by initial addition of the NO) radical to the aromatic ring, followed by rapid decomposition back to reactants or to the H-atom abstraction products,
with the addition adduct possibly involving a six-membered transition state. 42 • 119 ,Further evidence for this reaction scheme arises from a comparison of the rate constants fur the reactiuns uf phenol and methoxybenzene with OH and N0 3 radicals. Thus, for the OH radical reactions with phenol and methoxybenzene, the room temperature rate constants for OH radical addition to the aromatic ring are similar, as are the rate constants at -400 K for H-atom abstraction from the -QH or -oCH 3 substituent groups.87 The OH radical addition reaction rate data indicate that the -QH and -oCH3 groups have equivalent activating effects on the aromatic ring, as expected from their similar electrophilic substituent constants,l29 while the H-atorr. abstraction rate data 87 indicate that the X-H bond dissociation energies in the -QH and -oCH3 groups are also similar. Hence it may be expected that the N0 3 radical reaction rate constants for phenol and methoxybenzene should be reasonably similar. However, this is not the ca~e> with the room temperature rate con~tant for the reaction of the N03 radical with phenol being 4 orders of magnitude higher than that for reaction with methoxybenzene.
The conclusion that a six-membered transition state greatly facilitates the overall H-atom abstraction process during these N0 3 radical reactions then explains the lower room temperature rate constants observed for methoxybenzene and, to a lesser extent, 1,4-benzodioxan. 42 . The available rate coefficient data are given in Table  13 . The majority of these data concern naphthalene and the methyl-substituted naphthalenes.
(1) Naphthalene and Naphthalene-d.
The available rate coefficient data of Pitts et al., 73 Atkinson et al. 68 ,77,104 and Atkinson and Aschmann 69 are given in Table 13 and those of Atkinson et al. 68, 104 and Atkin~on and A~chmann69 for naphthalene are plotted in Arrhenius form in Fig. 13 . In the most recent temperature-dependent study of Atkinson et al., 104 rate coefficients kobs for naphthalene were obtained relative to the rate constant for the reaction of the N03 radical with thiophene and also relative to the equilibrium constant Ks. The rate coefficients kobs were determined relative to Ks from the measured naphthalene and N20S time-concentration profiles, with -d In[naphthalene]!dt """ kObs[N 2 0,]!K, As seen from Table 13 , the rate coefficients determined relative to the equilibrium constant Ks and to the rate constant for the reaction of the N03 radical with thiophene are in excellent agreement. However, since the determination of rate coefficients relative to the equilibrium constant Ks assumed that N03 radicals, N02 and N 2 0s were in equilibrium under the experimental conditions employed (which was not the original intent of these experiments 104 ), the rate cuefficients determined relative to the rate constant for the reaction of the N03 radical with thiophene are preferred, and only these rate coefficients from the study of Atkinson et al.104 are plotted in Fig. 13 <5 X 10-30 -(7 -10) x 10-28 (4.77 ± 0.69) x 10-28 3.31 X 10-28
(1.28 ± 0.20) x 10-27 (1.10 ± 0.27) x 10-27 (1.32 ± 0.25) x 10-27 (6.96 ± 1.73) x 10-28 (5.31 ± 1.18) x 10-28 (3.64 ± 1.11) x 10-28 (3.66 ± 1.26) x 10-28 (1.38 ± 0.04) x 10-27 (1.26 ± 0.04) x [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] (8.84 ± 0.32) x 10-28 (8.95 ± 0.39) x 10-28 (7.13 ± 0.21) x 10-28 (4.18 ± 0.17) x 10-28 (4.23 ± 0.12) x 10-28 (4.76 ± 0.39) x 10-28 (8.39 ± 1.01) x 10-28 7.00 x [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] (1.07 ± 0.16) x 10-27 RR [relative to k(propene) = 9.45 x 10-151" TABU::: 13. Rate constants kok = k k,Jkb for the gas-phase reactions of the NO" radical with the aromatic rings of aromatic compounds (kincli, .1 equivalent to reaction with N 2 0 S ) -Continued Aromatic kobs = k ka/kb (cm 6 molecule - 2S -1) at T(K) Technique Reference deuterium isotope effect is small, consistent with an addition reaction being the rate-determining step.
(2) 1-Methylnaphthalene, 2-Methylnaphthalene and 2,3-Dlmethylnaphthalene
The available rate coefficients of Atkinson and Aschmann,69,12o determined relative to the rate constant for the reaction of the N0 3 radical with propene or trans-2-butene 69 and to the rate coefficient kobs for naphthalene,120 are given in Table 13 . These rate coefficients are in good agreement for all three methyl-substituted naphthalenes, and unit-weighted averages of these data 69 ,120 lead to the recommendations of kobs(l-methylnaphthalene) = 7.7 X 10-28 cm 6 molecule-2 s-t, kohs(2-methylnaphthalene) = 1.08 X 10-27 cm 6 molecule-2 s-1 , and k obs (2,3-dimethylnaphthalene) 1.55 x 10-27 cm 6 molecule-2 s-I, all at 298 K and with estimated overall uncertainties of a factor of 2.
(
3) Other Aromatic Compounds
For the remaining aromatic compounds for which data are available (Table 13) , only single experimental studies have been carried out, and hence no recommendations are made. It is of interest to note, however, that the room temperature rate coefficient for acenaphthene is similar to that for 2~3-dimethylnaphthalene, suggesting that the cydopenta-fused ring in acenaphthene acts like two methyl-substituent groups. As discussed above, acenaphthene reacts in N0 3 -N02 -N20sair mixtures by two reaction pathways, involving H-atom abstraction from the two -CH 2 -groups of the cyclopenta-fused ring together with N0 3 radical addition to the two fused six-member aromatic rings. 69 ,76 In the case of acenaphthylene, the reaction pathway involving N0 3 radical addition to the> C = C < bond of the cyclopenta-fused ring totally dominated over that involving N03 radical addition to the fused six-member aromatic rings under the experimental conditions employed in the kinetic and product studies of Atkinson and Aschmann 69 and Arey et al. 76 The rate coefficients kobs given in Table 13 The rate constant kh can be derived from the above expression for k ohs ( naphthalene) of kobs(naphthalenc) = k k,Jkh = 3.9 X 10-J4 c' IO ()()(r cm 6 molecule-2 S-1 if the rate constants k and ka can be estimated. Assuming that the rate constants k and ka are similar to those for the addition of the Oil radical to naphthalene (2 x 10-11 cm 3 molecule -IS -1 at 298 K 87 ) and for reaction of the hydroxycyclohexadienyl radical with N0 2 (-2 X 10-11 cm 3 molecule-1s-1 at 298 K 13o ,l3l), respectively, the recommended expression for kobs yields and, assuming that k and ka are independent of temperature, with the pre-exponential factor being uncertain by -2 orders of magnitude.
The rate constant kb can also be estimated from the rate constant kd for the analogous decomposition of the OH-naphthalene adduct (d) and the thermochemistries of reactions (b) and (d). Assuming that the resonance stabilization energies of the N03-aromatic adduct~ are identical to thm:e for the ORaromatic adducts, then the N0 3 -aromatic adducts are 10.9 kcal mol-1 less stable towards thermal decomposi- Since Lorenz and Zellner l34 obsetved that the OH-naphthalene adduct is thermally more stable than the hydrox-ycyc10hexadienyl radical by 3.8 kcal mol-1 (assuming an identical pre-exponential factor), then the decomposition rate of the OH-naphthalene adduct becomes
The rate constant for thermal decomposition of the N03naphthalene adduct is then and kb = 5 x lOS S-1 at 298 K.
The value of kb = 5 x lOS S -1 at 298 K calculated in this manner is in good agreement with that of kb -1 X 10 6 S -1 derived from the recommended expression for kobs (naphthalene), and the differences in the preexponential factors and the activation energies are well within the estimation uncertainties. The decomposition rate constant for the N03-naphthalene adduct of with kb -7 x lOS S-l at 298 K, is in accord with the requirements that reactions k and kb are in equilibrium lO4 and that kb ~ k a [N0 2 ] at 298 K for N02 concentrations ::::; 1.2 x 1015 molecule cm -3.69
The observation of Lorenz and Zellner 134 that the OHnaphthalene adduct is more· stable towards thermal decomposition than the OH-benzene adduct by 3.8 kcal mol-I suggests that the N03-naphthalene adduct may also be correspondingly more stable towards thermal decomposition than the N0 3 -benzene adduct. If so, the rate constant for thermal decomposition of the N0 3 -benzene adduct is -3 x 10 12 e-26001T S-I (-5 X 10 8 S-l at 298 K). This lQ3 faster thermal decomposition rate for the N0 3monocyclic aromatic hydrocarbon adducts compared to those for the N03-fused-ring polycyclic aromatic hydrocarbon adducts is consistent with the obsetved lack of reaction of benzene or biphenyl in N 2 0 s -N03-N02-air mixtures 38 ,39,63,68,13s (see also Tables 12 and 13 ).
Finally, in order to fit the observed kinetic data, the N0 3 -naphthalene adduct must react exclusively with NO Z • 104 Significantly, this conclusion that the N0 3 -naphthalene adduct reacts exclusively with NO~h and does not react at a significant rate with O 2 ,104 is consistent with recent product data 6a • 136 which show that the OH-benzene, OH-toluene, OH-biphenyl and OH-naphthalene adducts react with N0 2 , and not with O 2 , under ccnditions where the N02 concentrations are ~ 1.5 x 10 13 molecule cm -3.
At present, the reaction mechanisms subsequent to the initial addition of the N03 radical to the fused six-membered aromatic rings are not known, apart from the necessity that the nitratocyclohexadienyl-type radicals formed must react exclusively with N02 under the experimental conditions employed to date. It is, however, known that nitro-products are formed from these N03 radical-initiated reactions,68.73,75-77.118,122,123 and the available product data are given in Table 14 . Qearly, the nitroarene products obsetved and quantified account for only a small fraction of the overall reaction products of these N03 radical-initiated reactions which proceed by initial addition of the N0 3 radical to the fused six-membered aromatic rings.
Organic Radicals
~.13.a. Kinetics and Mechanisms The only rate data available for the reactions of the N0 3 radical with organic radicals concern the methylperoxy (CH300) radical, and the rate constant determined Since the revision of this paper in mid-1990 and the end of 1990, further kinetic and product data have become available 13 9-142. These data are briefly discussed by the same compound classes as iIll the text. The individual references should be consulted for details.
Rate constants for the reactions of the N0 3 radical with ethane, n -butane, 2-methylpropane and 2-methylbutane have been determined by Bagley et al. 139 as a function of temperature using a discharge flow system with optical absorption detection of the N0 3 radical. The 298 K rate constants (in. units of 10-16 cm 3 molecule-is-I) were: n -butane, 0.45 ± 0.06; 2-metlhylpropane, 1.1 ± 0.2; and 2-methylbutane, 1.6 _ 0.2. This rate constant for 2-methylpropane is nn excellent agreement ~;t'Vith that determined by Atkinson et al. 62 • For it -butane, the absolute rate constant of Bagley et al .139 is 30% Hower thmll (but in agreement within the cited error limits with) that of Atkinson et al. 62 , but is a factor of 2 higher ~han the upper Hmit to the rate constant determined by WaUington et al. 5 !. For ethane, data were obtained over the temperature range 453-553 K, with k(ethane) = (5.7 ± 4.0) x 10-12 e-(4426 ± 337)IT cm 3 molecule-1 S-1.
For n -butane, 2-methylpropane and 2-methylbutane 9 rate data were obtained over the temperature range 298-523 K, and the group rate constants k prim , k sec and k tert (nn Reacts with the N0 3 radical by N0 3 radical addition to the >C=C< bond in the cyclopenta-fused ring.69 C Yields of reaction pathway proceeding by N03 radical addition to the fused six-member aromatic rings. Under atmospheric conditions the pathway involving H-atom abstraction from the -CH 2 -groups of the cyclopenta-fused ring will dominate and nitroarenes will not be formed in significant yield. 76 d 9-Nitroanthracene also observed but attributed to artifact formation during sample collection. 76 e 2-Nitropyrene observed with a yield linearly dependent on the N0 2 concentration. 77 Under atmospheric conditions the 2-nitropyrene yield will be negligible. 77 ! Expected to react with the N0 3 radical hy NO:} radical addition to the >C=C< bond in the cyclopenta-fused ring.121 10-12 e-4426fT, k Sec = 1.26 X 10-12 e-3248fT, and k tert = 2.3 X 10-12 e-2959IT, with values at 298 K of 1.0 x 10-18 , 1.3 X 10-17 , and 1.1 x 10-16 , respectively. These group rate constants at 298 K are in good agreement with those discussed in Sec. 2.1.a. (4).
2.14.b. Alkenes
Using a relative rate method, Shorees et al. l40 have determined a rate constant at 297 ± 2 K for the reaction of the N03 radical with ~-phellandrene of (7.96 ± 0.44) x 10-t2 cm 3 molecule-Is-t. Hjorth et al. 141 have carried out a product study at 295 ± 2 K and 740 ± 5 Torr total pressure of air for the reactions of the N0 3 radical with a series of alkenes. The following molar carbonyl yields were reported: from propene, HCHO and CH3CHO, 0.10 ± 0.05 each; from 2-methylpropene. HCHO and CH3COCH3, 0.24 ± 0.08 each; from cisand trans -2butene, CH 3 CHO, 0.34 ± 0.12; from 2-methyl-2-butene, CH 3 CHO and CH 3 COCH3, 0.22 ± 0.06 each; and from 2,3-dimethyl-2-butene, CH3COCH3, 1.04 ± 0.26. 3-Nitrato-2-butanone and 3-nitrato-2-butanol were also observed from the 2-butenes, with molar yields of 0.41 ± 0.13 and 0.15 ± 0.05, respectively. While the carbonyl product yields for propene 141 are in good agreement with previous studies 66 • 74 , the carbonyl product yields from 2methylpropene and trans -2-butene are significantly lower than reported by Barnes et al. 66 
2.14.C. Haloalkenes
Using a discharge flow system with optical absorption of the N0 3 radical and a relative rate method, Wangberg et al. 142 obtained rate constants for the reaction of the N03 radical with CH3CH 2 CCl==CH 2 of (1.73 ± 0.31) x 10-14 cm 3 molecule-1s-1 at 299 K and (2.2 ± 0.6) x 10-14 cm 3 molecule-1 s-1 at 296 ± 1 K, respectively (the latter reevaluated using the presently recommended value of Ks). A product study at room temperature and atmospheric pressure of air of the N0 3 radical reactions with CH3CH2CCI == CH2, CH3CHCICH == CH2, CH3CH = CHCH 2 CI and CH3CH=CCICH3 was also carried out1 42 •
3= Conclusions and Atmospheric Implications
A substantial data base concerning the rate constants for the gas-phase reactions of the N03 radical with organic compounds is now available, with rate constants having been determined using both absolute and relative rate methods. To date, the majority of these kinetic data have been obtained at room temperature using relative rate techniques utilizing both the reactions of the N03 radical with other organic compounds and the equilibrium constant Ks for the N0 3 + NO z +:% N20s reactions as Lh~ referem;e reaction. Howeve.f, despite significant uncertainties in the equilibrium constant K s , the available data base exhibits generally good agreement and selfconsistency. Clearly, further absolute rate data are needed, preferably as a function of temperature, before the N03 radical reactions can be viewed as being on as firm a base as are the corresponding OH radical reactions. 87 As for the reactions of the OH radical with organic compounds,85,87 there is a general lack of mechanistic and product data available for the reactions of the N03 radical with organic compounds.
From the ambient tropospheric N0 3 radical concentration data presented by Atkinson et al., 32 the geometric mean maximum N0 3 radical mixing ratio over continental areas is -35 ppt (with a two standard deviations spread of an order of magnitude). Since for a given 12~hr nighttime period the average N03 radical concentration is less (sometimes significantly less 13 ,14,16,17) than the maximum, a 12-11r average nighttime N0 3 radical concentration in the tropospheric-boundary !ayer over con.tinental areas of -5 x 10 8 molecule cm-3 (20 ppt) appears reasonable. This 12~hr average nighttime N0 3 radical concentration is -300 higher than the global tropospheric 12~hr average OR radical concentration of 1.5 x 10 6 molecule em -3 derived from the atmospheric concenfrra-Hon and emissions data for 1,1~1-trichloroethane (CH 3 CC1 3 ).138 Thus, since reactnon with the OH radical RS a major, if not domirmlffit, dlaytlime chemical ~oss proce~:s for orgallITlk oompouli!1lds ilI1l the ~rolPosIPhere,t;(·\ the faic CQl]-StSll!1ltS for tlhle N0 3 andl OlIT lr8kHcag ~'eaC~kjiiruS rm.l1S,i[ be I!rr1 298 MP-A Crowley et ai, 137 the ratio kNo-lkoH > 10-3 for the NO) radical reaction with a given organic compound to be significant as a tropospheric loss process.
The N03 radical reactions are then potentially significant as a tropospheric loss process for the thiols and alkyl sulfides, the alkenes other than ethene and the l-alkenes (hence including the monoterpenes and compounds such as acenaphthylene and acephenanthrylene), the hydroxy~ substituted aromatic hydrocarbons, and certain other specific compounds such as styrene, acenaphthene, azulene and dimethyl selenide. In particular, since the daytime N0 3 radical concentrations may approach the daytime on radical concentrations under certain NOx concentration conditions (see Sec. 1), those organic compounds for which the N03 radical reaction rate constants are comparable to, or exceed, the OH radical reaction rate constants (for example, 2,3-dimethyl-2-butene, a -phellandrene, a -terpinene, terpinolene, pyrrole, azulene, dimethyl selenide, and 0 -, mand p -cresol) may undergo significant reaction during daytime hours with the N03 radical in addition to reaction with the OH radical and/or 0 3•
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